Introduction
During the development of the nervous system, billions of nerve cells are created and connected by a network of processes of unimaginable complexity. Since the formation of this network requires the growth of axons and dendrites, as well as the formation of countless synapses, the study of neuronal structure formation (e.g., axonal growth and synapse formation) was long the focus of efforts to understand the development of the nervous system. However, it is clear that cell death as well as axonal and synaptic loss represent a significant process in the formation of neuronal networks [26, 69, 78, 93] . The creation of a sculpture may serve as an analogy-created either by building up from clay, or by chipping away at a marble block. The developing nervous system uses both strategies.
It was discovered early on that "regressive" processes make a vital contribution to the development and physiology of the nervous system (. Fig. 1 ). Many nerve cell populations comprise more cells during development than survive in the mature organism. This observation was the starting point for neurotrophic theory and has helped deepen our understanding of nervous system development (. Fig. 1c ) [60] . It was later discovered that nerve growth factors not only influence the survival of whole cells, but can also influence the preservation or degradation of neuronal processes [95] . This was one the major discoveries that motivated the study of physiological axonal loss as an independent field of research. A further factor to bring this question into the focus of neurobiology goes further back-to the discovery of post-traumatic axonal degeneration by Augustus Waller (1850) (. Fig. 1a ). This discovery had a major influence on neuroscience: on the one hand, as a central argument that axons are in fact differentiations of individual nerve cells, and on the other hand, as the starting point of efforts to map neuronal connections based on the spread of axonal degeneration. Waller already emphasized the significance of post-traumatic degeneration in the context of neurological disease. That degeneration could, however, be compartmentalized within axonal arbors became apparent only later-even though Ramon y Cajal had already indicated exuberant growth of immature neurites (. Fig. 1b) [39] . The work of Hubel and Wiesel (. Fig. 1d finally demonstrated the extent to which transient synaptic connections contribute to the refinement of neural connectivity [48] . From this starting point, systematic efforts began to find a cellular correlate for these transient interconnections and to understand the mechanisms which enable nerve cells to dismantle some of their processes in a controlled manner.
As with almost all aspects of synaptic physiology and pathology, it was at the neuromuscular junction that the mechanisms of physiological axon dismantling were first investigated. Using electrophysiological methods, Redfern discovered in 1970 that immature muscle fibers initially received several inputs, and interpreted these results correctly as endplate"polyinnervation" [96] . Indeed, this interpretation was quickly confirmed using morphological methods (. Fig. 1e ) [15, 97] . The ensuing decade saw numerous efforts to formulate models of how the mature innervation pattern of synapses emerges in an activity-dependent manner. It was clear that, as part of these remodeling processes, massive dismantling of axonal braches must take place. The underlying mechanism, however, remained elusive. Intensive efforts to answer this question have been made more recently, influenced by insights form neuropathology, which, at first glance, have little to do with developmental biology. Analysis of Wallerian degeneration yielded the insight that axonal destruction was not simply a process, but rather a regulated process of "pruning" [95] .
Wallerian degeneration
Transecting an axon leaves an"abandoned" axon fragment detached from the cell body, the trophic center of the neuron [116] . This type of axon fragment disappears after some time by a process known as Wallerian degeneration. Surprisingly, this is not a slow process of atrophy, as the loss of all supply via axonal transport would have us suspect. On the contrary, both in the peripheral and central nervous system, transected axons remain unchanged for a period of time varying from 12 h to 2 days (lag phase) before undergoing explosive fragmentation, which leads to the formation of axon and myelin fragments (. Fig. 2 ). The unusual dynamics of Wallerian degeneration suggest that the loss of axonal fragments is not a passive process, but more likely an active cellular program [95] . Axonal fragmentation precedes a series of intra-axonal alter-ations, including an increase in intracellular calcium, the activation of calcium-dependent proteases, and the destruction of the cytoskeleton [22] . However, these intracellular changes also take place after a significant delay. The result is a destabilization of axonal structure, initially leading to the formation of pearl-on-a-stringlike swellings, followed by fragmentation. These processes take place in the context of surrounding tissue-in myelinated axons adjacent to glial sheath cells, i.e., Schwann cells or oligodendrocytes. Thus, axonal fragments are surrounded and digested by glial cells. Macrophages and microglial cells also take part in phagocytosis [45] . This close involvement of non-neuronal cells on the one hand suggests the existence of specific"eat-me signals" on fragmenting axons, which are recognized by glial cells-and are in fact the first of such signals to be identified in invertebrate models [70] . On the other hand, it is also apparent that Wallerian degeneration per se is not dependent on glial cells-even in isolated culture, the transection of axons leads to the degeneration of the"naked" axons affected.
The late stages of Wallerian degeneration, particularly rapid fragmentation and 8 The historical roots of the study of axon dismantling. a The first description of Wallerian degeneration using a degenerating nerve fascicle in a frog tongue (from . Fig. 3 in [116] ). b Formation of excessive neurites. Purkinje cell dendrites depicted by Ramon y Cajal (from [39] ). c Survival dependence of neurons and their projections on the presence of exogenous growth factors. Posterior root ganglion of a chicken in isolated culture (R. Levi-Montalcini and V. Hamburger, image modified according to [94] ). NGF nerve growth factor. d Distribution pattern of the ocular dominance columns in layer IV of the monkey visual cortex (top); a model of the post-natal change in the innervation pattern (bottom right), and the disruption to this process resulting from the suppression of neuronal activity by occluding one eye (bottom left) (from [48] ). e The discovery of polyinnervation at the neuromuscular endplate by Redfern (1970) using intracellular recordings from muscle combined with graded nerve stimulation (left) (modified from [96] ). Morphological correlate of polyinnervation (top right) and axon dismantling according to [98] . rb Retraction bulb. a,d Reproduced with permission from the Royal Society of London, b with permission from the heirs of Ramon y Cajal its associated disintegration of membrane integrity, are mechanistically currently not well understood. It remains unclear what is responsible for the lag phase at the beginning of degeneration. Which slow molecular processes serve as an intraaxonal"clock, " the expiry of which marks the end of axonal life? Initial insights into the molecular program forming the basis of Wallerian degeneration were gained from analysis of a remarkable spontaneous mouse mutant which has become known as"Wallerian degeneration slow" [Wld(S)] [22] .
Wallerian degeneration slow: Wld(S)
The Wld(S) phenotype is characterized by a massive delay in Wallerian degeneration following axotomy. Initially, this was an incidental finding by Perry's laboratory as they carried out investigations in the peripheral nervous system [68] . Transected axonal stumps in this (semi-)dominant mouse mutant are able to conduct action potential days after transection, although the preservation of presynaptic terminals is less marked than that of internodal axonal compartments [42] . Other investigations were able to show that the Wld(S) mutation slows the degeneration of axonal stumps not only in the peripheral but also in the central nervous system [22, 90] . Similarly, it could be shown by means of transplantation experiments that the defect likely lies in nerve cells, and not in phagocytosing glial cells or macrophages [44] . Beyond the post-traumatic defect, Wld(S) mice show no apparent spontaneous phenotype, suggesting that the mutation at least does not inhibit any essential step in development. Even post-traumatic regeneration of peripheral axons (which are capable of spontaneous regeneration) is only delayed by the persistence of axonal fragments [16, 17] . However, it must be borne in mind when considering this phenotype that the spontaneous mutation, particularly in its heterozygous form, preserves axonal stumps only temporarily. Thereafter, slow axonal degeneration begins, the relationship of which to actual Wallerian degeneration is unknown, and which is able to take over some functions in a compensatory capacity [43] . One unexpected result of the Wld(S) mutation is attenuation of various models of neurological diseases [22] . This has been demonstrated in, e.g., toxic [118, 119] and genetic [101] peripheral neuropathy, as well as in certain forms of motor neurodegeneration [34] (but see also [35] ) and central forms of neuropathology, such as ischemia [41] and degenerative changes [75] . These observations are remarkable in that the original description of the mutation dealt only with the distal stump of a transected axon, which, as a result of transection, no longer conveyed any action potentials anyway. An improvement of functional deficits resulting from nerve transection is not to be expected from stump preservation. Why an attenuation of symptoms in a Wld(S) background can nevertheless be seen in primarily non-traumatic disease models is unclear. However, there are new indications (see below) that trauma initiates degenerative processes also in the proximal axon stumps, and that these are suppressed by the Wld(S) mutation. In addition, axonal damage with spontaneous transection is suspected in many neuropathologies. Although the reasons for these spontaneous axotomies are not known in the majority of cases, it seems possible that this could be due to the local activation of a Wallerian-like intra-axonal program. These observations made in disease models lend the Wld(S) mutation substantial pathogenetic relevance. Raff and colleagues suggested early on that the Wld(S) mutation and observations on local axonal degeneration following neurotrophin withdrawal demonstrate clear analogies to other"regressive" phenomena, particularly to forms of programmed cell death, apoptosis [95] . This analogy includes the expectation that-as with apoptosisthere is a molecular"program" for controlled axonal degeneration. This could play an important developmental role on the one hand, while on the other hand offering a point of departure for the development of approaches to therapeutically correct dysregulation in axonal degeneration. For this reason, the question of the molecular mechanisms underlying Wallerian degeneration has attracted considerable research interest in recent years.
Coleman's laboratory has been making pioneering contributions to this field for more than a decade [22] . Their efforts culminated in the cloning of the protein product responsible for the Wld(S) phenotype. This proved to be a fusion protein between the catalytically active portion of an enzyme involved in NAD biosynthesis (Nmnat1), a small (18-amino-acid) fusion polypeptide, and a (enzymatically inactive) fragment of ubiquitination factor E4B (Ube4b). This discovery made it possible to reconstitute the Wld(S) phenotype in transgenic mice [71] and transfer it to other species (to date to the rat [1] , the zebra fish [73] , and the Drosophila fruit fly [70] ). At the same time, the way was opened to investigate the contribution of the various domains of the protein to the phenotype [22] -not least in the hope of gaining first molecular insights into the endogenous mechanisms of axonal degeneration, i.e., the degenerative"program. "
Since the ubiquitin proteasome system-as one of the most important catabolic systems of the cell-appears to play a role in axonal fragmentation [126] , early investigations concentrated on the Ube4b domains. Nevertheless, in recent years, it could be unequivocally shown that the enzymatic activity of the Wld(S) fusion protein that is crucial for delaying axonal degeneration resides in the active center of the Nmnat1 domain [22] . Considerable confusion also arose from the fact that the Wld(S) fusion protein is mostly localized to the nucleus [71] -a puzzling fact if one considers that the protein's protective function manifests itself in the distal axon fragment separated from the nucleus. Recent investigations in transgenic mice, Drosophila fruit flies, and cell cultures have shown, however, that the protein's dominant localization to the nucleus likely represents an epiphenomenon. Instead, it is the fusion protein's low axonal expression that is essential for efficient axon protection [5, 9, 24] .
However fascinating the Wld(S) phenotype may be, due to the complexity of the underlying defect (likely a gain of function), it is not straightforward to deduce from it endogenous influencing factors which, under normal conditions, control the process of Wallerian degeneration. Still, the three endogenous Nmnat genes (Nmnat 1-3) are obvious candidates. Indeed, all three gene products can have a protective effect on axonal fragments, although the Nmnat 1 in the Wld(S) fusion product tends to be less effective than the cytoplasmic Nmnat 2 or mitochondrial Nmnat 3 [24, 40, 125] . Simply by introducing it into the axon, however, Nmnat 1's protective effect can be boosted, possibly explaining the Wld(S) mutation's mode of action [5] . The Coleman group recently demonstrated that the physiological halflife of Nmnat 2 corresponds best to the requirements of the axon's internal"clock, " which constitutively ensures axon stability [40] . According to this hypothesis, protective levels in the protein are maintained by axonal transport, which comes to a standstill as a result of axotomy in the distal axonal segment. This theory is intuitively attractive; however, whether it stands up to more stringent examination remains to be seen. Future attempts to refute this theory will benefit from the fact that methods are now available to directly investigate degenerative axon changes to axons in animal models in vivo [80] .
In vivo microscopy and axonal degeneration
Axonal degeneration was one of the first phenomena to be investigated using intravital microscopy in the nervous system [46, 123] . However, the fact that only endogenous contrast (in particular, light refraction at the myelin sheath) could be used to visualize tissue proved to be a problem in these early investigations. Thus, for example, subtle changes to the axon, which possibly precede fragmentation, could not be reliably identified. This only changed with the availability of transgenic mice with fluorescently-labeled axons, i.e., Thy1-XFP mice which express high concentrations of spectral variants of green fluorescent protein (GFP) in neurons. These mice were generated in the laboratories of J. Sanes and J. Lichtman [33] . The particular value of these mice lies in the fact that, besides Thy1-XFP mouse strains, whose axons all demonstrate similar fluorescence, there are others in which only a small percentage of axons fluoresce (. Fig. 3 ). An exact genetic explanation for this special expression pattern is lacking; however, due to the resulting ability to observe individual axons in the living organism against the background of all other axons, investigations capable of conveying a dynamic picture of axonal degeneration became possible. In this way, it was possible to bring the classic studies by Waller or Cajal (. Fig. 1 ) back to life in animated form.
Initial studies in the area of axonal degeneration were devoted to gaining insights into the regeneration behavior of peripheral axons [85, 88] . Histological studies based on Thy1-XFP mice were also used to investigate the characteristics of Wallerian degeneration in detail [8, 10] . In this context, it could be shown that axonal fragments persist long-term even un- With a delay of many hours, the entire axon projection decays (red) below an axotomy, whereupon the whole area of innervation (gray) is denervated. b Stereotypic axonal loss. A predictable and anatomically defined part of the axon projection is degraded. c Disseminated axon loss. Individual axonal branches are degraded, while other initially indistinguishable branches are preserved der normal conditions-and that axonal regeneration generally takes place in the presence of such fragments. It was also shown that degeneration behavior following axonal damage depends on the mechanism of damage [8] : nerve transection is followed by degeneration in a proximaldistal direction, while nerve compression is followed by fragmentation in the opposing direction. Although the basis of these findings is hitherto unclear, they represent important boundary conditions for the transport-based model of Wallerian degeneration [22] . In addition, such imaging techniques have served as a methodological basis to analyze the functional domains of the Wld(S) fusion protein [10] .
However, the major advances in our understanding of the phenomenology and mechanisms of axonal degeneration resulted from the combination of Thy1-XFP mice and in vivo microscopy techniques [80] . This combination has made it possible to visualize spontaneous axonal degenerative processes as they develop, and to discover new forms of pathological axonal degeneration. These observations will be discussed in greater detail below.
Classifying axonal degeneration
In addition to the classic post-traumatic Wallerian degeneration described in previous sections, there are other forms of axonal loss which can be roughly sub-divided into pathological forms of axonal loss (besides Wallerian degeneration, e.g., axonal die-back, see below) and physiological forms of axonal degeneration [23, 69, 114] . Under physiological conditions, axonal degeneration occurs predominantly during development in numerous areas of the nervous system (. Fig. 4 ). In this context, a rough distinction can be made between two forms of axonal degeneration: one form involving stereotypic loss of whole axonal projections (stereotypic pruning), and a second form involving disseminated"thinning" of individual axonal branches within an axonal projection (. Fig. 2 ).
Stereotypic axonal loss occurs when, during development, axonal projections first innervate a target region to which they do not remain permanently connected [50, 61, 69] . In this way, axons of layer-V pyramidal neurons initially project into the spinal pyramidal tract [26, 108] . This projection does not survive in the fully developed nervous system. In a similar manner, retinal ganglion axons in the optic tectum overshoot their topographically designated target area and are"pruned" back to their permanent target area later in development [32] . Similar overshooting projections can also be found in the hippocampus [31] . At the cellular level, stereotypic axonal loss shows similarities to Wallerian degeneration [84] . On the basis of these similarities, one would expect that both processes are based on the same mechanism; however, direct investigations were not able to demonstrate in- Synapses are marked using bungarotoxin (BTX; red). b Double-innervated neuromuscular junction; both axons are labeled with YFP (green), while one additionally contains CFP (blue; cyan appears as a mixed color)
volvement of a Wld(S)-dependent mechanism, at least not for individual forms of stereotypic axonal loss [47, 89] . Nevertheless, a remarkable analogy between spontaneous loss of superfluous projections and post-traumatic dismantling of distal axonal segments remains: (1) In both cases, the axon is completely degraded beneath a certain point (in Wallerian degeneration, this point is below the transection, while in stereotypic axonal loss it is distal of the branching point of permanent and transient portions of the axon projection) [69] . (2) The axon loss process appears to result in long-distance fragmentation [84] . In developmental axon loss, early radiation of microtubular structures and involvement of glial cells has been described, at least in invertebrates [3, 120] . Both factors-early loss of cytoskeletal elements and glial involvement-also play a role in Wallerian degeneration [22, 45] . However, these phenomena also occur in other forms of axonal degeneration [12] (see below). Moreover, there is only scant evidence to support glial cell involvement in stereotypic axonal degeneration in vertebrates [20, 63, 67] (see also [50] ). Thus, it remains to be seen whether the similarities between post-traumatic and stereotypic axonal loss are purely superficially, or whether they indeed share a more profound mechanistic relationship. New data suggesting a developmental role for Wld(S)-dependent processes [73, 102] should be interpreted as an indication that the last word on a developmental role for the mechanism of Wallerian degeneration has not yet been said. The fact that it has not been hitherto possible to directly observe the process of stereotypic axonal loss remains a particular challenge. This kind of investigation might be able to answer fundamental questions on the similarity between post-traumatic and physiological dismantling processes. For example, we do not know whether spontaneous transection occurs locally during developmental axon loss, which, following a delay, leads to sudden fragmentation-as in the events which take place following mechanical axonal transection. A less predictable"disseminated" dismantling of individual axonal branches underlies the developmental remodeling of many neuronal projections. Typical forms of this type of axon loss are the transition of the neuromuscular endplate from a state of multiple innervation by several motor axon branches to the adult pattern of individual innervation by a single axon [61] . Very similar processes determine the innervation patterns of cerebellar climbing fibers [52] , or of autonomic ganglia [92] , and can also occur in non-synaptic projections, such as sensory axons [73] . Connectivity changes, which may be explained by the disseminated loss of single axonal inputs, have also been observed in projections of the visual [2] and the auditory [51] systems (. Fig. 4) . Often, this form of axon loss is the result of an activity-dependent"competition" between axon branches for sole innervation of a postsynaptic cell [61] .
The mechanism of disseminated axon loss appears to be distinct from Wallerian degeneration. On the one hand, post-natal loss of motor axon branches takes place unaltered in Wld(S) mice [89] , while on the other, the majority of histological and ultrastructural investigations of young neuromuscular endplates have failed to demonstrate the presence of characteristic signs of fragmentation or organelle degeneration [99] . Instead, evidence of axonal"atrophy" has been reported [11] , characterized by the appearance of thin and blind-ending axonal branches, which often show a swelling at their tip, the retraction bulb [97] . Similar, if less detailed, findings suggest a comparable scenario during the maturation of climbing fiber projections [29] . The morphological findings were long interpreted to mean that the retraction bulb represented a specialized retraction organelle-a sort of regressive equivalent to the growth cone. The prevailing idea was that axonal transport would reverse in individual axonal branches, as a result of which the axonal branch was first evacuated and then resorbed [99] . However, this model offered no simple explanation for the appearance of the terminal swelling. In contrast, the retraction bulb-like axonal swell- ings (spheroids) which appear in numerous neuropathologies are generally interpreted as signs of blocked anterograde transport. In fact, it has been shown that disseminated axon loss, at least in immature neuromuscular endplates, follows a mechanism which differs from the retraction model [12, 78] .
Axosome shedding
In vivo observations of axonal branch degeneration during synapse elimination (. Fig. 4 ) in immature neuromuscular endplates in mice yielded a picture differing from that of the traditional retraction model [12, 117] . Distal shedding of axonal fragments in the region of the retraction bulb is at the center of this model.
At birth, skeletal muscle fibers in mice (and humans) are innervated by several (normally >5) motor axons, all converging on a single endplate [61] . In the course of post-natal development (in the mouse, during the first 2 post-natal weeks), this hyperinnervation is gradually lost. As part of this process, individual synaptic terminals of the innervating motor axons are sequentially eliminated from the endplate (synapse elimination). At the start of the elimination phase, the synaptic terminal branches of individual motor axons are interwoven. They disentangle during a sorting process, giving rise to segregated innervation of the post-synaptic membrane via two remaining axonal branches towards the end of synapse elimination [38] . Later we see terminal expansion of one of the axons, which invades the territory of its opponent [117] . This expansion goes at the expense of the other"loser" branch, which loses synaptic area and atrophies. This process may reverse itself, but nevertheless leads in due course to the definitive detachment of one of the axonal branches from the synapse. The"losing" axonal branch forms a retraction bulb and is dismantled. Its"winning" opponent, in contrast, takes over most of the synaptic territory. The entire process of synapse elimination and axonal branch loss covers 1-2 days.
The question of how the loss of superfluous axonal branches that have separated from their synaptic partners takes place was long disputed. Although most authors came to the conclusion that it must be a retraction process due to the absence of the typical signs of "Wallerian-like" degeneration, this proposal remained largely speculative. There were in fact differing reports based on the ultrastructural identification of degenerative axonal fragments [100] . Only direct observation of axonal degeneration was able to answer this question [12] . By combining Thy1-XFP mice and in vivo microscopy of the neuromuscular endplate in newborn mice, Lichtmann and colleagues were able to follow the competition between two motor axons, labeled with different colors, for the innervation of a neuromuscular synapse [55, 117] . It became clear that the degeneration of the losing axon shows characteristics of both degenerative decay and retractive resorption. Imaging with high temporal and spatial resolution then demonstrated how this apparent paradox can be resolved: losing axonal branches shorten themselves by shedding axonal fragments (axosomes) in the retraction bulb area (. Fig. 5a,d ). These are surrounded by a membrane and contain synaptic organelles, including mitochondria and synaptic vesicles. The size of these fragments varies between several micrometers and a few hundred nanometers, i.e., below the threshold of light microscopy. Axosome shedding does not take place in the interstitial space, since all retraction bulbs are surrounded by Schwann cells [12, 106] . The latter engulf axosomes and digest them via the lysosomal pathway, while also displaying features of "autophagic" digestion. In this way, the axon becomes gradually shorter, until it reaches the nodes of Ranvier of its origin and thereby vanishes without trace. Similar phenomena of local axonal fragment shedding are also found in other parts of the nervous system, which are subject to similar phases of axon loss (e.g., in the cerebellum; [29] ) and at synapses of other species (e.g., the Drosophila fruit fly; [37]). Similarly, the exchange of material between axons and glial cells appears not to be an isolated phenomenon in the immature neuromuscular endplate [25, 59] . Nevertheless, it remains unclear whether the mechanism of axosome shedding actually exists outside the neuromuscular endplate-either during development or in neurological disease. Direct evidence of this could not be found in investigations of stereotypic axonal degeneration in the hippocampus [63] . In the same way, investigations into axonal development in the cerebral cortex using in vivo multi-photon microscopy yielded indications rather more of local degeneration and retraction, but not of shedding of axosome-like structures [91] . However, it should be noted that the resolution achieved in these studies is not necessarily suited to detecting axosome shedding.
The question of generality of axosome shedding is not the only unanswered question: for example, it is still unclear whether the shortening seen on motor axons can be explained entirely by axosome shedding, or whether, parallel to this, an element of real retraction (including the reversal of axonal transport, as postulated in Drosophila [64] ) can be seen. It is also unclear whether Schwann cells have a purely passive role in axosome formation, or whether they are actively involved. The fate of the Schwann cells surrounding a losing axon is also unknown. Immature Schwann cells rely on axonal signals to survive [111] , but whether this leads to the death of superfluous Schwann cells sheathing a slowly decaying axonal branch is not clear. Finally, there remains the question of molecular signal pathways, which enable and regulate axosome shedding. This latter is a remarkably local phenomenon which takes places asynchronously within an axon projection. One branch of a motor axon can shed axosomes and be absorbed, while at the same time the branch immediately adjacent receives a perfectly normal synapse [55] . Thus, answering the question of molecular signal pathways represents a significant challenge. Classic transcriptomic or proteomic approaches are not easily applied to such local and asynchronous phenomena, while invertebrate model organisms do not appear to demonstrate a directly comparable form of axonal degeneration.
Acute axonal degeneration
The fact that axonal degeneration can be locally restricted during development raises the interesting question as to which mechanisms within axons are available to compartmentalize catabolic events. Acute axonal degeneration described by Kerschensteiner and the author as a local form of axonal degeneration in mice offers a model to investigate this question in a pathological context. Transection of spinal cord axons leads on the one hand to Wallerian degeneration (see above) in the distal axon segment within 1-2 days; on the other, secondary axonal degeneration is also seen proximal to the lesion. This process, which has long been known as axonal"die-back," leads to shortening of the proximal axon stump, at the tip of which a swelling may form. Much like the retraction bulbs in developmental biology, the prevailing interpretation here is that, again, these are axonal structures slowly retracting through the tissue. While direct in vivo observations partially confirmed this assumption, they also revealed a significantly more complex picture (. Fig. 5a,b; [56, 82] ): Following axon transection, a short delay of approximately 15-30 min ensues (this time applies to thick spinal cord axons; the delay is longer in optic nerve axons), followed by local fragmentation of the tips of both, i.e., proximal and distal, axon segments. This fragmentation takes place at a similar speed to fragmentation of the distal fragment during Wallerian degeneration 1-2 days later. However, fragmentation of both sides comes to a standstill after several hundred micrometers. In general, the axonal stumps then gradually form spheroids, which slowly retract through the tissue-but usually for less than 100 μm. This state generally appears to remain stable for the ensuing 24 h, whereupon distal Wallerian degeneration begins and proximal local axonal sprouting may result. Under normal conditions, this type of sprouting in the central nervous system is quickly suppressed.
Investigations carried out in Wld(S) mice confirm that the Wld(S) mechanism also mediates the fragmentation phase of acute axonal degeneration [56] . It is a local variant of the Wallerian process which, however, has very different spatial and temporal characteristics to actual Wallerian degeneration. One hypothesis to explain these spatial and temporal characteristics involves calcium influx into the damaged axon and local activation of calcium-dependent proteases (e.g., calpain), which attack the cytoskeleton locally and lead to fragmentation (. Fig. 5a,b) . According to this model, the spontaneous sealing of the axonal tip and intra-axonal calcium buffering explain the spatial 
Left Wallerian degeneration in the spinal cord of a mouse in vivo approximately 34 h after axotomy (time interval between im-
ages, 2-11 min). Middle Acute axonal degeneration, approximately 3-38 min following axotomy. Right Axosome shedding at the tip of a motor axon branch in an acute nerve muscle explant (time interval between images, 5-25 min, images modified from [12, 56] ). b Post-traumatic axonal degeneration following axon transection. Axotomy enables the influx of calcium, which leads to acute axon degeneration. This is followed by a secondary calcium influx in the distal axon fragment, which is dismantled by Wallerian degeneration. c Focal axonal degeneration. Immune cells (in particular macrophages) produce reactive oxygen and nitrogen species (ROS/RNS), which damage mitochondria in myelinated axons and lead to axonal transection. d Axosome shedding, whereby axosomes are taken up and digested by Schwann cells constraint. Calpain inhibitors in fact block spontaneous fragmentation [56] . Lingor and colleagues [58] were also able to show that acute axonal degeneration in retinal ganglion cell axons (in the rat) are associated with a local calcium influx, the blocking of which leads to reduced axonal loss. However, this group was also able to demonstrate that this additionally leads to the activation of autophagic mechanisms, indicating that the precise mechanisms of acute axonal degeneration are more complex than originally assumed. Bradke and colleagues [30] could also show that stabilizing the microtubular cytoskeleton led to reduced axonal loss around a spinal cord injury. Whether this is due to inhibited fragmentation, retraction, or stimulated sprouting-or a combination thereofstill requires clarification. To this end, it may be an advantage that acute axonal degeneration occurs not only in the central nervous system, but also in the periphery, e.g., in the neuromuscular synapse (M. Brill and T. Misgeld, unpublished observation).
Acute axonal degeneration represents an interesting model of post-traumatic axonal loss. However, like Wallerian degeneration, the significance of this phenomenon might be reduced by the fact that it is likely not of any great relevance from a clinical neurological perspective, at least in terms of transecting injury to the nervous system. After all, transection results in the entire distal axonal fragment losing its function. The additional loss of several 100 μm proximal to the lesion could at worst lead to secondary loss of some side branches in certain anatomical localization (e.g., in axons of the posterior funiculus in the spinal cord, which regularly project collaterals), while in other localizations (e.g., in the optic nerve) no secondary increase in denervation is expected. However, it would seem possible that the distance from the lesion from where axons start regrowth plays an important role in their regenerative success. The greater this distance-and acute axonal degeneration increases it-the longer the delay before axons can grow into the injury area. This determines the composition of the growth-inhibiting scar with which sprouting axons are confronted.
There are local forms of axonal degeneration not only following traumatic pathologies. Disseminated diseases of the nervous system, such as multiple sclerosis, for example, lead to the insidious loss of axons in many areas of the nervous system [104] . This axonal loss plays a significant role in the degree of chronic disability in multiple sclerosis patients. It is of great interest, therefore, to understand which forms of axonal degeneration may be triggered by inflammation of the central nervous system.
Focal axonal degeneration
In view of the multiphasic course of multiple sclerosis, it seems likely that several mechanisms of axonal damage run parallel. A broad spectrum of possible pathomechanisms has been suggested for axonal damage in multiple sclerosis [21, 104] , ranging from axonal atrophy due to chronic demyelinization [112] , transport disorders [107] , or ionic dyshomeostasis due to channel distribution [121] , through to energy failure due to mitochondrial damage [72] . There is also evidence of a direct cytotoxic attack by immune cells on nerve cells in vitro [74] and in vivo [103] . However, it was long not possible to observe the interaction of immune cells and axons in vivo-not even in the animal models of multiple sclerosis, known as experimental autoimmune encephalomyelitis (EAE). Only in recent years have studies by various working groups made immune cells in the spinal cord and brainstem accessible to in vivo observations [7, 36, 103, 113] . In combination with the above-mentioned in vivo imaging approaches to visualize transgenically labeled axons, it is now possible to directly observe the course of inflammation-related axonal damage.
As part of the continued collaboration between Kerschensteiner's and the author's laboratory, a new form of axonal degeneration which leads to axonal loss in EAE-and possibly also in multiple sclerosis-could recently be described (. Fig. 5c ; [86] ). This form of focal axonal degeneration causes local transection of individual axons in inflammatory lesions in the spinal cord. One remarkable aspect of this degenerative process is the presence of a long-lasting, stable, prodromal stage in the form of local swelling of axons that still maintain their continuity. Repeated observations of such axons over several days showed that swollen axons often persist for some days, and then either fragmented or spontaneously recovered. Correlated ultrastructural investigations demonstrated that swollen axons generally still have an intact myelin sheath. This indicates that axonal damage is less the result of direct interaction between immune cells and axons, but rather that there are membrane-permeant mediators of damage. An early sign of damage is the presence of swollen and dysfunctional mitochondria in axons, which reside in a macrophage-dominated environment. Investigations in transgenic mice with fluorescently labeled axonal mitochondria [81] confirmed that this mitochondrial damage precedes other morphological signs of axonal dysfunction. Since reactive oxygen and nitrogen species are produced in large quantities in inflammatory lesions of macrophages, radical damage seems to be a plausible mechanism of axonal damage under these circumstances [62, 105] . Indeed, exposure of healthy spinal axons to reactive oxygen and nitrogen species can trigger mitochondrial damage and, consequently, axonal degeneration. Blockade of endogenous reactive oxygen and nitrogen species in EAE, in contrast, saves the majority of swollen axons from fragmentation.
Early mitochondrial damage is not a phenomenon observed only in animal models. Earlier investigations [72] as well as our study were able to confirm that damaged mitochondria are also present in otherwise normal-appearing axons in histological samples from multiple sclerosis patients. We were also able to prove that many of these axons are still surrounded by a myelin sheath. A significant challenge now lies in elucidating the exact mechanisms linking reactive oxygen and nitrogen species with mitochondrial damage and subsequent axonal degeneration. Analysis of this kind would strongly depend on the collaboration of scientists from many fields, including the neurosciences, immunology, and proteome analysis, among others.
Outlook: axonal loss from a systems neurology perspective
In recent years, microscopic investigations in live animals have yielded numerous insights into the phenomenology and cellular mechanisms of axon loss. As a result, it has become apparent that axon loss is cross-connected to numerous areas of cell biology and the neurosciences. Thus, intrinsic processes within the axon (e.g., organelle changes, axonal transport) play an important role in axonal degeneration, as do external influences such as axon-glial cell or axon-immune cell interactions. In some areas, axonal degeneration phenomena show parallels with known regressive phenomena (. Fig. 6 ). For example, axosomes resemble the apoptotic bodies shed by cells during programmed cell death. In this case-as in the case of axosomessurrounding cells engulf the cell debris [57] . Data from invertebrate models indicate that, in both cases, similar receptorligand pairs are involved in the identification and uptake of released particles [4, 70] . This molecular parallel possibly also stretches back to early stages of the process. Thus, it appears that caspases, which also play a central role in apoptotic signal pathways, are also involved in certain processes of axon loss. For example, the spontaneous transection of certain dendrites during larval development of the Drosophila fruit fly is based on caspase activation [122] . Similarly, local neurotrophin deprivation in compartmentalized neuronal cultures causes caspase-mediated axonal fragmentation [87, 102] . Together with the knowledge gained from the Wld(S) phenotype on the mechanism of Wallerian degeneration (see above), these two insights offer starting points for molecular analysis.
The fact that axonal degeneration is associated with phenomena which, in a candidate-based approach, would not necessarily come into the focus of analysis is supported by results obtained in recent years from molecular screens for involved signaling pathways. Thus, Shatz and colleagues were able to shown that major histocompatibility complex (MHC) molecules are involved in the formation of mature network patterns in the central nervous system [27, 49] . MHC molecules appear to play a role here either in the recognition or the degradation of anatomically incorrect axon projections. Similarly, B. Barres' laboratory demonstrated that complement cascade molecules play a role in the tagging of transient synapses and their subsequent elimination [109] . The involvement of classic"immune molecules" in the formation of neuronal connectivity shows that the molecular actors of axonal degeneration go beyond"the usual suspects. " It therefore seems desirable that approaches inspired by systems biology be chosen that make it possible, without prior selection, to identify the signal pathways involved and accommodate complex multifactorial interactions. However, designing this kind of strategy in the area of axonal degeneration is not straightforward: degenerative processes which occur only locally within individual cells and likely without direct involvement of the transcriptional machinery of the cell body, are challenging to analyze using classical methods of transcriptome and proteome analysis.
The use of genetically accessible model organisms might be particularly beneficial here. For Wallerian degeneration in particular, it could be demonstrated that similar post-traumatic degenerative processes also occur following axotomy in the Drosophila [70] . Likewise, Drosophila, as a metamorphosing insect, shows [53] . For example, the green axon is"stronger" than the blue axon (competition in red dotted boxes), which in turn is stronger than the violet axon (competition in the gray dotted boxes). Yet the weakest neuron has won competitions in the past (see the synapse marked with an asterisk). b Motor neurons with reduced neurotransmitter release (ChAT-/-) lose all competitions with active opponents, but are able to win competitions against other, artificially weakened opponents (this explains the preserved synapse marked with an asterisk; [18] ). c A conceptual representation of the link between axonal degeneration and related cellular processes, such as apoptosis or inflammation, from a systems neurological perspective. The tree trunks represent the apparently separate cellular phenomena; however, there is unexpected overlap rooted in the molecules involved, as well as on the higher-order level of phenomenology. Wld(S) Wallerian degeneration slow, MHC major histocompatibility complex drastic changes in the architecture of its nervous system, some of which are mediated by stereotypic axonal degeneration [69] . Even nematodes have an axonal degeneration program following transection (which, due to the small size of the animal, can only be elicited by two-photon laser axotomy; [126] ); nematodes also dismantle certain synapses in a predictable manner [28] . With the help of these model organisms, it has been possible to identify clear parallels with axonal degenerative phenomena in mammals (e.g., early loss of microtubules or glial cell involvement in physiological axonal degeneration [3, 120] ), as well as to discover new signal pathways [28] . The fact that the much simpler invertebrate nervous systems do not provide good analogies for all axon loss processes remains a problem. Indeed, disseminated, competitive forms of synapse elimination appear to be largely lacking in invertebrates-perhaps because precision of wiring was favored over plasticity during evolution [61] . The forms of synapse elimination described in Drosophila and C. elegans differ significantly from synapse elimination in the nervous system of vertebrates. It is to be hoped that closer study of vertebrate model organisms, like the zebrafish, will lead to the discovery of local axon loss processes which could then be analyzed in more detail using molecular and microscopic techniques.
Another type of systems-oriented interrogation of axon loss moves away from the molecular level and towards systemic neurosciences: What are the governing principles which determine within the neuron which axonal branches are to be degraded and which preserved? Does dismantling of individual branches affect the fate of the remaining branches? And which functions of the nervous system are shaped by axon loss and synapse elimination?
These questions move away from a consideration of individual neurons and their glial interaction partners and towards the level of the wiring diagram and overriding rules of competitive interaction that determine the outcome of cellular competitions. To date, only a handful of studies have examined this point, although the classic investigations by Hubel and Wiesel [48] pointed to the crucial role of neuronal activity. This has also been clearly confirmed for axonal competition and the resultant axon loss in immature skeletal muscle [15, 19, 61, 98, 124] and cerebellum [52, 66] . However, the exact plasticity rules determining the outcome of the competition remain unclear. Although it has been long known that a global drop or rise in motor neuron activity results in slower or faster synapse elimination [19, 124] , it was only a few years ago that Sanes and colleagues, by deleting the choline acetyltransferase gene in individual motor neurons [18] based on a conditional mouse mutant [79] , were able to demonstrate that single motor neurons with reduced neurotransmission ability were at a competitive disadvantage to their normally active competitors (. Fig. 6a ). At the same time, Lichtman and colleagues were able to show how these differences affect competitive strength on a global level [53] : if a branch of a motor neuron on one synapse wins against a branch of another neuron, other branches on the same neuron always win other competitions against branches of the same opponent, even if these competitions take place at a significant distance from one another within the axonal projection (. Fig. 6b ). Given the fact that a rule of this kind predicts a clear competitive hierarchy within a muscle's motor pool, it would appear necessary that any such hierarchy be dynamic, since presumably no motor neuron wins all its competitions (the resultant motor unit would be too large and would lie outside the distribution normally observed in mature muscle.) Thus, it is possible that an additional restrictive element is at work, a limiting resource that determines the total strength of a motor neuron in all its synaptic competitions [6, 54] . The hope of being able to investigate hierarchical rules of this kind was the motivation behind generating novel mouse strains, e.g., brainbow mice [65] , which enable the simultaneous investigation of many axon competitions, or MitoMice [81] in which intracellular resource distribution can be assayed. With the development of additional new technologies enabling the ultrastructural and immunohistochemical characterization of entire networks (connectomics) [13, 14, 54, 76, 77, 83] , it seems likely that new insights into the rule book which neurons follow as they fight to preserve their axons and synapses will be gained in the near future. With the opportunity to project individual molecular, physiological, or dynamic characteristics onto this type of large-scale connectivity mapping, it should be possible in the future to achieve almost a bird's eye view-quasi from a systems neurological perspective [115] -of the processes of axon loss and synapse elimination and identify unexpected links to other areas of biology (. Fig. 6c ).
